Background Pseudotumors are sterile inflammatory lesions found in the soft tissues surrounding metal-on-metal (MOM) and metal-on-polyethylene hip arthroplasties. In patients with MOM hip arthroplasties, pseudotumors are thought to represent an adverse reaction to metal wear debris. However, the pathogenesis of these lesions remains unclear. Currently, there is inconsistent evidence regarding the influence of adverse cup position and increased wear in the formation of pseudotumors. Questions/purposes We therefore determined whether pseudotumor formation was associated with (1) adverse cup position, (2) raised metal ion levels, and (3) increased wear rates of the retrieved components. Methods We retrospectively reviewed all 352 patients for whom we had retrieved specimens from revisions of a current-generation MOM hip prosthesis between February 2008 and September 2010; of these, 105 met our inclusion criteria. We used multivariate logistic regression analysis to compare acetabular orientation, metal ion levels before revision, and component wear rates between patients with (n = 72) and without (n = 33) pseudotumors, according to findings on metal artifact reduction sequence MRI. Results The proportion of patients demonstrating evidence of a pseudotumor in well-positioned hips was similar to those with adverse cup positions (67% and 66%, respectively). Patients revised with pseudotumors had similar whole-blood metal ion levels and component wear rates to those who were not revised. Conclusions Pseudotumors were not associated with increased wear or metal ion levels, suggesting patient susceptibility is likely to be more important.
Introduction
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The Medicines and Healthcare products Regulatory Agency has suggested follow up of patients with MOM hips, to include cross-sectional imaging (metal artifact reduction sequence [MARS]-MRI or ultrasound) for the detection of pseudotumors [5, 35, 37, 39] . Pseudotumors are sterile inflammatory masses in the soft tissues surrounding MOM [35, 37] and metal-on-polyethylene (MOP) [1, 19] hip prostheses. In patients with a MOM hip prosthesis, these are thought to be the result of an adverse response to metal wear debris and elevated chromium and cobalt levels [15, 35] . Previous studies had only described these masses in symptomatic patients [15, 25, 26] , but a recent study showed during routine followup they were observed in 6.5% of patients with asymptomatic, wellfunctioning, well-positioned prostheses [23] .
Retrieval studies of current-generation MOM hips have suggested edge loading, resulting from adverse cup orientation, leads to a higher wear of the components and raised blood metal ion levels [7, 27, 30, 32] . In vivo studies have suggested disparities in certain design features, such as the clearance [41] and arc of cover [27] , are important factors affecting component wear rates and the risk of edge loading. Several studies reported an association between elevated blood metal ion levels and pseudotumors [15, 25, 35] , but only two studies associated them directly with high component wear rates [22, 25] . The largest published studies of wear [22] and metal ion levels [26] in patients with adverse soft tissue reactions, or pseudotumors, concerned only 30 and 37 patients, respectively.
Given that the pathogenesis of pseudotumors remains unclear and that several recent studies have shown cases in well-functioning, well-positioned, and low-wearing prostheses [8, 23] , it is important to confirm the roles of component position and wear in larger series of patients.
We therefore determined whether adverse cup position is associated with (1) increased incidence of pseudotumor, (2) raised blood metal ion levels, and (3) increased component wear rates.
Patients and Methods
We retrospectively reviewed all 352 patients who underwent revision for a failed MOM hip implant and from whom we collected explanted components between February 2008 and September 2010. The retrieved hips came from 93 surgeons in 56 hospitals throughout the United Kingdom and represented the market distribution of MOM hip implants in the United Kingdom [34] . To be included, we required that patients had full preoperative assessment, including MARS-MRI to visualize the periprosthetic soft tissues, CT scan to measure cup orientation, and dynamic reaction cell inductively coupled mass spectrometry (DRC-ICPMS) to measure whole-blood metal ion levels. We included hips of several current-generation designs, all with monoblock cups and a large internal diameter ([ 38 mm) suitable for either resurfacing or large-diameter MOM THA. For the purposes of wear analysis, we required that all hips were implanted for a minimum of 12 months to minimize the confounding effect of the bedding-in process [18] . All patients revised with a diagnosis of infection were excluded to ensure all pseudotumors were sterile inflammatory masses. We excluded 247 revisions of MOM hips that did not meet these inclusion criteria, leaving 105 patients whose implants were sent to our retrieval laboratory. Of these patients, 29 were men and 76 were women, with a median age of 56 years (range, 22-83 years) at the time of primary surgery. The median time to revision was 39 months (range, 12-95 months). Of the 105 patients, 69 were hip resurfacings and 36 were large-diameter THA. The local ethical committee approved this study and all patients consented to their inclusion. The laboratory operated with approval of the Human Tissue Authority and did not have a contract with any implant manufacturer that prevented publication of any data.
There were six patients with Adept 1 implants (Finsbury Orthopaedics Ltd, Leatherhead, UK), 19 with ASR TM implants (DePuy, Leeds, UK), 51 with BHR TM implants (Smith &Nephew UK Ltd, Warwick, UK), 15 with Cormet TM (Corin Group PLC, Cirencester, UK), seven with Durom 1 implants (Zimmer GmbH, Winterthur, Switzerland), and seven with M2a-Magnum TM implants (Biomet UK Ltd, Bridgend, South Wales, UK). The reason for revision was determined according to the categories used by the National Joint Registry of England and Wales [34] ( Table 1 ). The reasons for revision were component mismatch (n = 2), fracture (n = 3), aseptic acetabular loosening (n = 9), aseptic femoral loosening (n = 6), malalignment (n = 2), and unexplained pain (n = 76).
We assigned patients to one of two groups according to findings on MARS-MRI ( Table 2 ). The first group of patients consisted of those who had no apparent soft tissue abnormalities, and the second group consisted of patients with a pseudotumor. We compared clinical and component variables between the two groups. This included cup orientation, metal ion levels, and component wear rates.
Before undertaking the study, we performed a power analysis to determine the sample size needed to detect a significant difference in component wear rates between the two groups. Due to differences in methods and reporting of wear rates in the literature, we based our calculation on our own previous experience of wear measurement [14, 30] . Using Altman's nomogram, we determined the minimum number of components required in each group to show a 5-lm/year difference in wear rate. A difference of 5 lm was chosen as this represents a twofold increase in the predicted average steady-state wear rate of MOM hips [9] . The sample size required for a power of 90% and a statistical significance of 0.05 was 54 patients (27 patients in each group). We also performed a two-proportion power analysis to determine the sample size needed to determine a difference in the prevalence of pseudotumors in well-and poor-positioned hips. Significance was set at a p value of 0.05 and power at 90%. Based on previous literature [23, 37] , we estimated the prevalence of pseudotumors to be 60% in failed, adversely positioned MOM hips and 4% in well-positioned MOM hips, similar to that in wellfunctioning patients [23] . This resulted in a minimum sample size of 26 patients (13 patients in each group).
All 105 patients underwent prospective MARS-MRI of the hip using a 1.5-T scanner (MAGNETOM 1.5T; Siemens Medical, Erlangen, Germany) according to a previously described protocol [15] . Two experienced musculoskeletal radiologists (AWM, KS), blinded to all other clinical data and wear analysis, interpreted the images by consensus agreement. They recorded the presence or absence of a pseudotumor and, if present, characterized the lesion (Table 3) , noting the wall, shape, and contents. The wall was classified according to its thickness, with a cutoff of 2 mm. The lesion's shape rather than its size was used because this overcame the difficulty of quantifying a complicated three-dimensional shape using two-dimensional, cross-sectional imaging. The contents of soft tissue lesions • Gross malalignment (see below)
• Component size mismatch 
Seven patients in the pseudotumor group had insufficient data to diagnose the reason for revision.
were characterized according to their signal intensity on T1and T2-weighted images. We noticed three patterns, which were likely to represent fluid, proteinaceous, or solid contents. Solid masses were classified separately. As a part of the clinical care, all patients underwent lowradiation dose CT scanning with 0.75-mm collimation and artifact minimization, both of which enabled observation of the detail required to separate the metallic cup face from the large-diameter metallic femoral head. We reconstructed DICOM images using a three-dimensional reconstruction software package (Robin's 3D Image Rendering Software; Robin Richards, Medical Physics, UCL, London, UK). Two of us (JH, AH) aligned the pelvis with the anterior pelvic plane and measured the angles of acetabular inclination and version using a previously published method [14] [15] [16] . By aligning the pelvis with the anterior pelvic plane, we measured acetabular orientation against a standard frame of reference, and factors such as pelvic tilt, which affects the position of the pelvis, did not affect our measurements. Supine CT scans were taken; however, we accepted this method was limited in assessing functional cup position in the standing position. Cup angles are reported using the radiographic definition [33] . There was no standard definition of an acceptable cup position for MOM THA, so we used the definition described by Lewinnek et al. [28] but included the spread of our results so that the readers could interpret cup position using their own criteria.
Whole-blood samples were collected in trace-element blood tubes (K 2 EDTA; Becton, Dickinson and Co, Franklin Lakes, NJ, USA) using the Vacutainer 1 system (Becton, Dickinson and Co). These trace element tubes were certified low for metals and did not cause metal contamination. We measured cobalt and chromium ion levels according to a previously described protocol [15] using DCR-ICPMS (Elan 1 DRCII; PerkinElmer Inc, Waltham, MA, USA). We analyzed all samples before revision of the MOM hip implant. There was no standard definition of an acceptable metal ion level after MOM THA. We referred to the 7-lg/L definition given by the Medicines and Healthcare products Regulatory Agency but included the spread of our data so that the readers could interpret the metal ion levels using their own criteria.
We measured linear wear of all explanted acetabular and femoral components using a roundness-measuring machine (Talyrond 265; Taylor Hobson Ltd, Leicester, UK). We mounted and rotated the components on a spindle (spindle accuracy, ± 0.02 lm), while a stylus (2-mm-diameter ruby), in contact with the surface of the component, measured deviations from a perfect circle (resolution of stylus gauge, 10 nm). Using a previously described method [30] , we took three sets of measurements for each hip. For the cup components, we measured the out-of-roundness along lines of latitude and longitude. We took latitudinal measurements at 1-mm increments, descending the cup from the rim, and took longitudinal measurements at 15°increments. For the head components, we measured out-ofroundness along the lines of longitude at increments of 15°. We analyzed raw data using the Ultra software package (Taylor Hobson Ltd). We calculated linear wear rates from the time to revision and defined edge wear as when the maximum wear depth occurred at the rim of the cup.
The recommended manufacturing tolerance for roundness of current-generation MOM hip components is only less than 10 lm. Therefore, it was essential that wear be distinguished from the manufactured shape or form. Form errors referred to a generalized uniform deviation from the nominal spherical shape of the component, whereas wear was the loss or transfer of material from the bearing surface manifesting as localized (nonuniform) deviation from round. By superimposing all of the measured roundness profiles for a given component, it was possible to estimate the unworn (manufactured) shape of the component and distinguish this from wear. We wrote a custom program in MATLAB 1 (MathWorks Inc, Natick, MA, USA) to superimpose all of the roundness measurements for a given component. From the superimposed profiles, it was possible to identify uniform deviation from round on all measurement profiles and estimate the unworn (as manufactured) shape of the component. Additionally, it was possible to identify out-of-roundness extending across only few measurement profiles, these representing localized areas of component wear. The linear wear depth was then measured by subtracting any measureable form error from those roundness deviations identified as wear. In this way, our method accounted for manufacturing tolerances.
We assessed the normality of component wear rates and whole-blood metal ion levels before revision using the Shapiro-Wilk test and found they were not normally distributed. A multivariate logistic regression analysis was used to test for group differences in metal ion levels, component wear rates, and cup position, adjusting the odds ratio for sex, type of prosthesis (resurfacing or THA), femoral diameter, time to revision, and manufacturer (variables associated with either the development of a pseudotumor [11] or to influence the rate of revision [34]). Additionally, we included cup position in our model when comparing the groups for metal ion levels and component wear rates. For all statistical analyses, tests were two-sided, and all analyses were carried out using the SAS 1 9.1.3 software package (SAS 1 Institute Inc, Cary, NC, USA).
Results
Seventy-two of 105 (69%) patients had evidence of a pseudotumor on MARS-MRI before revision. According to our MARS-MRI classification of pseudotumors, 13 patients were classified as Type 1 (Fig. 1 ), 42 patients as Type 2A (Fig. 2) , 15 patients as Type 2B (Fig. 3 ), and 2 patients as Type 3 (Fig. 4) . Patients with all brands of MOM hip prostheses demonstrated evidence of a pseudotumor on MARS-MRI ( Fig. 5 ). Pseudotumors were not associated with adverse cup position. A similar proportion of patients with and without pseudotumors had acceptable cup position, with an adjusted odds ratio of 0.81 (95% CI, 0.3-2.6; p = 0.73). The proportion of patients with and without pseudotumors with acceptable cup inclination and version angles was similar, with odds ratios of 0.72 (95% CI, 0.2-2.7; p = 0.40) and 0.90 (95% CI, 0.3-2.4; p = 0.75), respectively. Overall, thirty-seven percent of patients had an acceptable cup position. Of these, 67% had a pseudotumor. In the remaining patients with an adverse cup position, 66% had a pseudotumor. There was a wide range of cup positions (Fig. 6) . When compared to patients without pseudotumors, patients revised with pseudotumors had similar cobalt and chromium levels before revision, with adjusted odds ratios of 0.96 (95% CI, 0.9-1.0; p = 0.13) and 1.04 (95% CI, 0.9-1.1; p = 0.40), respectively. More than 40% of patients had both cobalt and chromium levels of less than 7 lg/L (Fig. 7) .
When compared to the retrieved components of patients without pseudotumors, those with pseudotumors had similar acetabular cup and femoral head wear rates, with adjusted odds ratios of 1.1 (95% CI, 0.9-1.2; p = 0.08) and 1.0 (95% CI, 0.9-1.1; p = 0.41), respectively. We recorded the spread of component wear rates from patients revised with pseudotumors ( Fig. 8 ). More than 40% of retrieved components were wearing less than 5 lm/year.
For all other variables included in the multivariate logistic regression, the only group difference was time to revision. When compared to patients without pseudotumors, those with pseudotumors underwent revision after a longer interval (p = 0.02) from primary arthroplasty, with an adjusted odds ratio of 1.0 (95% CI, 0.9-1.3). The groups had similar sex, prosthesis type (resurfacing/THA), manufacturer ratios, and femoral diameter. Fig. 6 This graph shows the acetabular orientation of each hip, as measured from CT scan. Hips in red indicate those associated with a pseudotumor. The blue box demonstrates the ''safe zone'' for cup position as described by
Lewinnek et al. [28] .
Discussion
Numerous have reported pseudotumors in patients with current-generation MOM hip implants [11, 12, 15, 17, 22, 23, [35] [36] [37] . Pseudotumors have been found in patients with hip resurfacing and large-diameter THAs [37] and were associated with a poor outcome after revision surgery [12] . Some authors suggested that pseudotumors occurred as a result of an adverse reaction to metal wear debris and raised metal ion levels [15, 17, 35, 36] , with several small studies finding a direct association with increased component wear rates [22, 25] and raised levels of chromium and cobalt ions [15, 35] . However, recent evidence suggests pseudotumors are common in patients with asymptomatic MOM THA [23] and in patients with low metal ion levels and a well-positioned cup [8] . The roles of excess wear and patient-specific sensitivity to metal wear debris in the pathogenesis of pseudotumors remains unclear. Therefore, we determined whether pseudotumors are associated with (1) adverse cup position, (2) raised metal ion levels, and (3) increased component wear rates.
There were several limitations to our study. First was the relatively low number of patients without pseudotumors (n = 33); however, this was sufficient to provide suitable power based on our sample size calculation. The trend towards raised metal ion levels and increased component wear being associated with pseudotumor formation should encourage further work on a larger number of patients. Fig. 7 This graph shows the distribution of patients (rank order, %) revised with pseudotumors according to blood cobalt and chromium levels. Thus, our findings should be interpreted with caution. Second, we used a radiographic definition for pseudotumor that included both fluid-filled (cystic) and solid lesions [11] . We did not investigate the immunologic or histologic changes in the tissues of our patients. Studies have used several radiographic, operative, and histopathologic terms to describe the sterile inflammatory reactions reported in patients with MOM and MOP hip implants. The radiographic terms include pseudotumor [35] , fluid collection [38] , inflammatory bursa [35] , inflammatory lesion [15, 37] , and effusion [2] . Studies described operative appearances as metallosis [6] , fluid collection [38] , and solid mass [35] . Histopathologic terms include aseptic lymphocytic vasculitis-associated lesion [3, 42] , lymphocyte-dominant immune reaction [42] , and adverse reaction to metal wear debris [25] . The variation in terminology made it difficult to correlate our findings, particularly with other studies that used histologic, immunologic, or operative definitions for soft tissue reactions. Future work should focus on a consensus definition of soft tissue reactions to MOM hips. Third, although the distribution of resurfacings and THAs was similar between the study groups, we did not investigate the influence of wear and corrosion occurring at the modular junctions of MOM THA. This likely had some effect on the accumulation of metal wear debris, although we have shown, in a previous study, metal ion levels were similar before revision of these two types of hip prostheses [30] . Finally, patients in this retrieval study may not have represented the general population of patients with MOM hip prostheses. Therefore, we compared our patient population with the largest published single-center series of patients with current-generation MOM hip prostheses [4, 20, 29, 40, 43] (Table 4 ). We also compared the outcome variables of this study with all of the published retrieval studies of current-generation MOM hip implants [10, 14, 22, 25, 30, 32, 41] (Table 5 ). We found 72 of 105 patients (69%) had evidence of a pseudotumor before revision of their hip arthroplasty for any cause. The majority of these reactions were cystic with only 2 patients demonstrating evidence of a solid mass. We observed pseudotumors in patients with hip resurfacing and large-diameter THAs and in patients with each of the six current-generation designs in this study. There are currently no other studies regarding the incidence of pseudotumors in patients with MOM hip prostheses revised for any reason. However, our results were in keeping with previous work concerning patients with symptomatic MOM hip implants, in which the authors estimate the incidence at almost 65%, with cystic lesions most commonly found [37] .
Rank Order Whole Blood Metal Ion Levels (ppb)
Our study of retrieved MOM THA implants revealed pseudotumors occurred as frequently in patients with wellpositioned cups as in those with a cup position outside of the safe zone described by Lewinnek et al. [28] . This was unexpected given that the literature suggests that steep cup inclination is associated with increased release of metal wear debris [7, 27, 30, 31] and increased wear is associated with pseudotumor formation [15, 22] . However, there is some recent evidence of high rates of devastating soft tissue reactions in patients with well-positioned MOM hip prostheses [8] , which supports our findings. Importantly, our results were unlikely due to the low validity of radiographic measurement of cup position [13, 21] because we used three-dimensional CT to measure cup position in all cases. Future work may focus on other surgical positioning factors, such as horizontal femoral offset, femoral version, and leg length discrepancy. We saw no significant association between the presence of a pseudotumor at revision and either increased metal ion levels or component wear rates. Furthermore, almost 1 .
2 of the pseudotumor cases demonstrated acceptable metal ion levels (\ 7 lg/L) and component wear rates (\ 5 lm/year). Again, this was an unexpected finding and contradicted the currently accepted theory proposed by Kwon et al. [23] and Langton et al. [25, 26] : pseudotumors occur as a result of a reaction to increased metal wear debris. These studies were of a maximum of 37 patients with soft tissue reactions and were likely underpowered. The study by Kwon et al. [23] contained no data concerning acetabular orientation, and this may have been a confounder for higher wear rates in the eight pseudotumor patients. The studies by Langton et al. [25, 26] used an umbrella term, adverse reaction to metal wear debris, to describe a wide range of complications and not just sterile inflammatory masses. This may have also contributed to variations in the findings.
Pseudotumors were common in patients with wellpositioned prostheses and were not necessarily associated with high wear or raised metal ion levels. The trend toward increased material loss in patients with pseudotumors suggests, in some cases, there may have been a dose-response inflammatory reaction, but in almost 1 .
2 of patients revised with a pseudotumor, low material loss suggests there may have been an underlying patient susceptibility to metal wear debris. Our observations suggest pseudotumors may occur in patients with any hip design, and although some designs, such as the ASR TM , were more susceptible to high wear [40] and a dose-response reaction, susceptible patients may suffer a reaction irrespective of the type or design of prosthesis used. It is nonetheless important to emphasize patients with high-wearing hip designs, such as the ASR TM [25, 40] , are likely to be at an increased risk of developing a soft tissue reaction. Although some studies have suggested metal hypersensitivity (Type 4) may be an important factor [3, 36, 42] , there is contradictory evidence surrounding this hypothesis [24] , and further characterization of this group of patients is needed to understand the pathogenesis of pseudotumors.
